AlGaN/GaN high electron mobility transistors (HEMTs) have established terrific features in the high-power and high-frequency applications of microwave device. In this paper, the impact of silicon carbide polymorphs substrates including 6H-SiC, 3C-SiC and 4H-SiC on the performances of AlGaN/GaN double quantum well HEMTs (DQW-HEMTs) are analyzed and investigated. The results show that the devices with 4H-SiC and 6H-SiC substrates exhibit a higher transconductance of about 192 ms/mm at VDS = 15 V and a lower minimum noise figure (NFmin) of 0.48 and 0.42 dB at 10 GHz than those of devices with 3C-SiC, respectively. Whereas, DC-HEMT with 3C-SiC substrate has a transconductance of about 180 ms/mm at VDS = 15 V and a minimum noise figure of 3.01 dB at 10 GHz. On the other hands, the DC-HEMT with 3C-SiC substrate has lower drain gate capacitance (Cdg) and higher cut-off frequency (ft) than DC-HEMT with 4H-SiC and 6H-SiC substrates. The results demonstrate that AlGaN/GaN DH-HEMTs 4H-SiC and 6H-SiC substrates are promising devices for future highpower and high-frequency electron device applications. KEYWORDS: Silicon carbide polymorphss, 6H-SiC, 3C-SiC, 4H-SiC, AlGaN/GaN, Minimum noise figure (NFmin), Double quantum well, High electron mobility transistors (HEMTs).
INTRODUCTION
The crystal lattice of silicon carbide material is similar to silicon and diamond where its lattice sites are filled equally by the silicon atoms and carbon atoms. The silicon carbide polymorphs are very stable and useful for high-power, high-frequency, and high-temperature electronics and optoelectronic devices. It should be mainly because of the wide band gap, high thermal conductivity, high breakdown electric field strength, high-saturated drift velocity and high thermal stability. In one hand, the wide band gap causes the high electric fields and the reduction in intrinsic carrier concentration. On the other hand, the thermal leakage current in SiC is very lower as well as temperature rises. Therefore, the device can operate at high electric fields and temperatures with reduced power losses and die size (Marjani, et al., 2011b; Marjani and Marjani, 2012a; Marjani, et al., 2012a; Marjani, et al., 2013; Coffa, et al., 2015; Deboy, et al., 2016) . The first commercialization of SiC-based devices is the high power Schottky-diodes (Neudeck, et al., 2001) . Recently, many different electronic and optoelectronic devices have been demonstrated with silicon carbide include PN diodes, metal-oxide-semiconductor field-effect transistors (MOSFETs), metal-semiconductor field-effect transistors (MESFETs), high electron mobility transistors (HEMTs), tunneling field-effect transistor(TFET) and lasers polytypes (Marjani, et al., 2011a; Marjani and Marjani, 2012b; Marjani, et al., 2012b; Marjani and Marjani, 2012c; Marjani and Hosseini, 2014; Majdabadi et al., 2014; Marjani and Hosseini, 2015; Sabaghi, et al., 2015; Marjani, et al., 2016a; Marjani, et al., 2016b; Sabaghi, et al., 2016; Marjani, et al., 2017) . The silicon carbide has many stable polymorphs including cubic zinc-blende, hexagonal and rhombohedral polymorphs. The filled sites with silicon and carbon in a diamond framework result the formation of cubic zinc-blende silicon carbide polymorphs such as 3C-SiC. The silicon-carbon bilayers consisting of carbon and silicon layers stack in the primitive unit cell in hexagonal polytypes and rhombohedral polytypes. Figure. 1 shows the lattice structures of the 3C-SiC and 6H-SiC polytypes (Muranaka, et al., 2008; Marjani, et al., 2012b; Marjani and Marjani, 2012a; Marjani, et al., 2017) . AlGaN/GaN HEMTs have served as one of the most attractive candidates for future highfrequency integrated circuits due to its compatibility with the industry-matured silicon complementary metal-oxide-semiconductor (Si-CMOS) integrated circuits technologies. A highdensity two-dimensional electron gas (2-DEG) is formed at the heterointerface between AlGaN and GaN layers due to the large offset in conduction band and polarization charge in AlGaN/GaN heterostructures (Guo, et al., 2008) .
In the recent years, a lot of research work has been carried out to study the GaN HEMTs including the optimization of GaN-based HEMT devices and integration (Stoffels, et al., 2015; Zhang, et al., 2016; Wang, et al., 2017; Hashizume, et al., 2018; Kim, et al., 2018) , the enhancement of reliability (Koller, et al., 2017; Meneghini, et al., 2017; Qi, et al., 2018) , the comprehensive device modeling (Raciti, et al., 2014; Radhakrishna, et al., 2015; Cornigli, et al., 2015) and the commercialization designs (Di Cioccio, et al., 2015; Then, et al., 2015; Ishida, et al., 2016; Lidow, et al., 2016) . In addition, the development works have been conducted and reported on microwave noise performance of GaN HEMT. The AlGaN/GaN HEMT with 100 nm gate length is reported with minimum microwave noise figure of 1.2 dB at 20 GHz (Haifeng Sun, et al., 2009) . A remarkable reduction of the buffer leakage for AlGaN/GaN double quantum well HEMT with high current drive and fast frequency response is reported (Wang, et al., 2012) .
In this paper, the impact of silicon carbide polymorphs substrates including 6H-SiC, 3C-SiC and 4H-SiC on the performances of AlGaN/GaN double quantum well HEMTs (DQW-HEMTs) are analyzed and investigated in terms of transconductance, drain-gate capacitance (Cdg), minimum noise figure (NFmin), current gain cut-off frequency and power gain cut-off frequency. The following aspects will be covered: the model in section 2, the device structures in section 3, the performances of structures including radio frequency and noise in section 4 and final conclusion in section 5.
MODEL
The Poisson's equation, the carrier continuity equations and the drift-diffusion transport equations are considered in order to modeling of HEMT operation. The Poisson's equation relates the electrostatic potential to the space charge density and is defined as (Atlas -Device Simulation Framework., 2018): 1 where ψ, ρ and ε are the electrostatic potential, local charge density and local permittivity, respectively.
The carrier continuity equations of electron and hole are defined by (Atlas -Device Simulation Framework., 2018):
where n, p, Jn, Jp, Gn, Gp Rn, Rp and q are the electron concentration, hole concentration, electron current density, hole current density, electrons generation rate, holes generation rate, electrons recombination rate, holes recombination rate and magnitude of the charge on the electron, respectively.
Another equations in modeling are current density equations that derived by using the drift-diffusion transport equations. The current density equations for electron and hole are defined by (Atlas -Device Simulation Framework., 2018):
where μn, μp, En, Ep, Dn, Dp, ∇n and ∇p are the electron mobility, hole mobility, electron diffusion constant, hole diffusion constant, three-dimensional spatial gradient of electron and three-dimensional spatial gradient of hole, respectively.
The above-mentioned equations were solved self-consistently together with device simulator ATLAS software (Atlas -Device Simulation Framework., 2018). In order to achieve more accuracy, several models are considered including the Shockley-Read-Hall recombination model, the parallel electric field dependent mobility model and band gap narrowing model.
DEVICE STRUCTURE
Schematic cross-sections of the AlGaN/AlN/GaN/AlGaN/GaN DC-HEMT structure with silicon carbide polymorphs substrates including 6H-SiC, 3C-SiC and 4H-SiC are shown in Figure. 2.For more details about working principles and advantages of HEMT with the help of band diagrams can be found in (Cornigli, et al., 2015; Ishida, et al., 2016; Zhang, et al., 2016; Koller, et al., 2017; Hashizume, et al., 2018; Kim, et al., 2018; Qi, et al., 2018) . The dimensions of the structures are as follows: 1 µm of gate length, 1µm of gate width, source-gate spacing Lsg = 1µm, gate-drain spacing Lgd = 1µm, 1 µm of source length, 1 µm of drain length, 2 µm of SiC silicon carbide polymorphs substrate thickness, 0.5 µm of GaN undoped minor channel and buffer layer thickness, 21 nm of AlGaN undoped back barrier layer thickness, 14 nm of GaN undoped major channel thickness, 2 nm of Al0.3Ga0.7N thickness and, 1 nm of AlN undoped spacer layer thickness, 12 nm of doped carrier supplier layer thickness, 3nm of undoped cap layer thickness and 5.1 eV of gate Schottky contact work function. The AlGaN layer as bottom barrier is located 14 nm away from the AlGaN/GaN heterointerface. Figure. 3 shows the conduction band energy diagram of the AlGaN/AlN/GaN/AlGaN/GaN DC-HEMT structure. As can be seen from Figure. 3, the conduction band at the AlGaN/GaN interface falls below the Fermi level and thus a minor channel can be formed. However, the most of electrons are located in the GaN major channel. 
RESULTS AND DISCUSSION
The drain currents with respect to the drain-source voltages of the AlGaN/AlN/GaN/AlGaN/GaN DC-HEMT structure with silicon carbide polymorphs substrates including 3C-SiC, 4H-SiC and 6H-SiC for different gate voltage are plotted in Figures. 4-6, respectively. As seen, the maximum drain currents are about 800, 2500 and 3500 mA for AlGaN/AlN/GaN/AlGaN/GaN DH-HEMT with 3C-SiC, 4H-SiC and 6H-SiC substrates with 0 V of gate voltage, respectively. The drain current and transconductance as a function of gate voltage of the AlGaN/AlN/GaN/AlGaN/GaN DC-HEMT structure with silicon carbide polymorphs substrates at 6 V of drain voltage are compared in Figures. 7 and 8 , respectively. It is clear from Figure. when they drop to unity, respectively. The equations of cut-off and maximum oscillation frequencies are defined by (Sanabria, 2006) : 6 7 where, gm, Cgs, Cgd, Rds and Rg are transconductance, source-gate capacitance drain-gate capacitance, source-drain resistance and gate resistance, respectively.
The radio frequency performances of the AlGaN/AlN/GaN/AlGaN/GaN DH-HEMTs including current gain cut-off and power gain cut-off frequencies for silicon carbide polymorphs substrates at 15 V of drain voltage and -0.2 V of gate voltage are plotted in Figures. 10 and 11 , respectively. As evident from Figure 10 where, Rs k and f are source resistance, fitting factor and frequency of operation, respectively. Since the gate-source capacitance of structures is nearly constant, the minimum noise figure is inversely proportional to transconductance (Chu, et al., 2005) . The results demonstrate that AlGaN/AlN/GaN/AlGaN/GaN DH-HEMT 4H-SiC and 6H-SiC substrates are promising devices for future high-power and high-frequency electron device applications.
CONCLUSION
This paper focuses on the impact of silicon carbide polymorphs substrates including 6H-SiC, 3C-SiC and 4H-SiC on the performances of AlGaN/GaN double quantum well HEMTs. On one hand, results show that AlGaN/GaN double quantum well HEMTs with 4H-SiC and 6H-SiC substrates have higher transconductance and lower minimum noise figure than the 3C-SiC devices. On the other hand, AlGaN/GaN double quantum well HEMTs with 3C-SiC substrate have lower drain gate capacitance and higher cut-off frequency than devices with 4H-SiC and 6H-SiC substrates. The results demonstrate that AlGaN/GaN DH-HEMTs 4H-SiC and 6H-SiC substrates are promising devices for future high-power and high-frequency electron device applications.
